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Abstract

Background: Neurons and glial cells can be efficiently induced from mouse embryonic stem (ES) cells in a conditioned
medium collected from rat primary-cultured astrocytes (P-ACM). However, the use of rodent primary cells for clinical
applications may be hampered by limited supply and risk of contamination with xeno-proteins.

Methodology/Principal Findings: We have developed an alternative method for unimpeded production of human neurons
under xeno-free conditions. Initially, neural stem cells in sphere-like clusters were induced from human ES (hES) cells after
being cultured in P-ACM under free-floating conditions. The resultant neural stem cells could circumferentially proliferate
under subsequent adhesive culture, and selectively differentiate into neurons or astrocytes by changing the medium to P-
ACM or G5, respectively. These hES cell-derived neurons and astrocytes could procure functions similar to those of primary
cells. Interestingly, a conditioned medium obtained from the hES cell-derived astrocytes (ES-ACM) could successfully be
used to substitute P-ACM for induction of neurons, Neurons made by this method could survive in mice brain after xeno-
transplantation.

Conclusion/Significance: By inducing astrocytes from hES cells in a chemically defined medium, we could produce human
neurons without the use of P-ACM. This self-serving method provides an unlimited source of human neural cells and may
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facilitate clinical applications of hES cells for neurological diseases.
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Introduction

Embryonic stem (ES) cells, derived from the inner cell mass of
blastocysts, are pluripotent cells that can differentiate into a
variety of cell types including neural cells [1,2]. Among the
various basic and clinical applications for ES cells, cell
transplantation therapy for central nervous diseases is of
particular interest because differentiated neurons do not prolif-
erate, and a relatively large number of donor cells are necessary to
replace diseased neurons. Several methods have been developed
to prepare neural cells from ES cells. Neurons can be obtained
indirectly from ES cells via ectodermal cells in embryoid bodies,
which are formed from dissociated ES cells, either by induction
with retinoic acid or selection [3,4]. Alternatively, neural stem
cells and neurons can be directly differentiated from ES cells
without forming embryoid bodies by culturing ES cells on mouse-
cultured stroma cells (PA-6) 5], or under chemically defined low-
density culture conditions [6]. All of these procedures, however,
are time consuming and require highly complicated processes to

@ PLOS ONE | www.plosone.org

generate many neurons. In addition, their practicality is limited
by the possible teratogenicity caused by culture factors, such as
retinoic acid, of differentiated cells. We have previously reported
an efficient method to prepare transplantable neural cells from
mouse ES cells using a conditioned medium collected from rat
primary-cultured astrocytes (P-ACM) [7-9]. In this study, we
applied this method to human ES (hES) cells for induction of
neurons and astrocytes. Once the astrocytes were derived from
hES cells, they could be substituted for primary astrocytes
that induce neurons, thus achieving xeno-free production of
neurons,

Results

Neural cell differentiation from hES

Four hES cell-lines stably expressing humanized renilla green
fluorescent protein (hrGFP) were obtained. These hES cell-lines
were kept in undifferentiated state with positive stem cell markers,
such as alkaline phosphatase, Oct-4, and SSEA-4, When cultured
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in P-ACM containing fibroblast growth factor-2 (FGF-2) under
free-floating conditions, colonies of undifferentiated hES cells gave
rise to floating spheres composed of neural stem cells and
undifferentiated cells, which gradually increased in size during
the culture. After 12 days of culture, the spheres were plated onto a
poly-L-Lysine/Laminin coated dish and cultivated in neural stem
cell medium (NSCM) containing high concentrations of FGF-2
and epidermal growth factor (EGF). Within 24 h, the spheres
attached onto the substrate and formed circular clusters of cells.
Many of these cells subsequently migrated to the surrounding
arcas and covered the growth surface of the dish in circular
monolayers. After replacing NSCM by P-ACM and culture for 14
days, the spheres differentiated into neurons (Figures 1A, B) and
few astrocytes (Figures 1C). These were identified by the neuronal
marker tubulin B III isoform (Tujl) and the astrocytic marker glial
fibrillary acidic protein (GFAP).

Xeno-Free Neuronal Induction

Selective differentiation of hES cells into neurons and
astrocytes

By culture of the spheres in NSCM, neural stem cells were able to
migrate from the attached spheres to the swrrounding area and
subsequently form a circular cluster. NSCM containing FGF-2 and
EGF promotes neural stem cells proliferation, while repressing their
differentiation into any type of neural cells. After removing the core of
the attached spheres mechanically, the remaining neural stem cells
could proliferate in NSCM and selectively differentiate into neurons
and astrocytes by subculture in an appropriate medium. To
differentiate into neurons, neural stem cells were subcultured using
0.05% Trypsin/EDTA in P-ACM for 14 days (Figures 2A, B). After
these 14 days of subculture, a large number of cells expressed Tujl
(84.0%5.1%, n=3). On the other hand, to differentiate into astrocytes,
neural stem cells were subcultured in G5 medium for 14 days
(Figure 2C). After this subculture, a large number of cells expressed

GFP

GFP MAP2

GFP GFAP

Merge

Figure 1. Differentiation of hES cells into neurons in P-ACM. Floating spheres composed of neural stem cells and undifferentiated cells grown
for 12 days were plated on an adhesive substrate and cultured for 14 days in P-ACM. Expression of hrGFP (green), Tuj1 (A, red), MAP2 (B, red), and
GFAP (C, red) staining of the many neural and few glial cells derived from hES cells. Bar=100 pum.

doi:10.1371/journal.pone.0006318.g001
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Xeno-Free Neuronal Induction

Figure 2. Selective induction of hES cells into neurons and astrocytes. (A, B): Neural stem cells that had migrated from floating spheres in
NSCM were subcultured onto a PLL coated plate and cultured for 14 days in P-ACM. Immunostaining with antibody to Tuj1 and MAP2 showed that
the subcultured neural stem cells had differentiated into neurons. Expression of hrGFP (green), (A) Tuj1 (red), and (B) MAP2 (red) staining profiles. (C):
Neural stem cells were cultured for 14 days after removal of the core of spheres with a glass pipette and change of medium to G5 medium. The
proliferated cells were subcultured onto PLL/LAM coated plate and cultured for 14 days in G5 medium. Immunostaining with antibody to GFAP
showed that the subcultured cells had differentiated into astrocytes. Expression of hrGFP (green) and GFAP (red) staining profiles. Bar=100 pm.

doi:10.1371/journal.pone.0006318.9002

GFAP (75.0%£1.2%, n=3). The removed core of the attached spheres
could, like the first spheres, be used repeatedly (about twenty times) as
seed for neural stem cells.

Xeno-free induction of astrocytes using a chemically
defined medium

For collection of xeno-free astrocytes derived from hES cells, we
used a chemically defined N2 medium for neural induction. When
cultured in N2 medium containing FGF-2 and EGF under free-
floating conditions, colonies of undifferentiated hES cells gave rise
to floating spheres. As N2 was less efficient than P-ACM for
obtaining astrocytes, we prepared hES cells in large scale 108
cells). After differentiation, millions of astrocytes were gained
under xeno-free condition (Figure 3A).

@ PLoS ONE | www.plosone.org

Neuronal induction of hES cell-derived astrocytes

Next, we investigated whether the astrocytes derived from hES
cells can be substituted for primary astrocytes to differentiate hES
cells into neural cells. A conditioned medium of hES cell-derived
astrocytes was collected after two days culture and used as ES-
ACM by adding an equal amount of N2 medium. As in the case of
P-ACM, hES cells cultured in ES-ACM differentiated into neural
cells via formation of spheres. After switching the cells from
NSCM to ES-ACM, many cells had neuronal-like appearance
with long neurites. By 6 weeks of culture in ES-ACM, most cells
had neural morphology and expressed microtubule-associated
protein 2 (MAP2) (Figure 3B). During our procedure for
differentiating hES cells using ES-ACM, expression of several
markers was analyzed by RT-PCR (Figure 4A). By 8 weeks culture

July 2009 | Volume 4 | Issue 7 | e6318
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DAPI GFAP Merge
DAPI MAP2 Merge

Figure 3, Differentiation of hES cells into astrocytes in a chemically defined medium. (A): Neural stem cells induced by N2 medium were

- cultured for 14 days after removal of the core of spheres with a glass pipette and change of medium to G5 medium, The proliferated cells were
subcultured onto a PLL/LAM coated plate and cultured for 14 days in G5 medium. Immunostaining with antibody to GFAP showed that most of the
subcultured cells had differentiated into astrocytes. DAPI (blue) and GFAP (green) staining profiles. Neural stem cells induced by xeno-free ES-ACM
were subcultured onto PLL coated plate and cultured for 6 weeks in ES-ACM. (B): Immunostaining with antibody to MAP2 showed that the
subcultured NSCs had differentiated into mature neurons. DAP! (biue) and MAP2 (red) staining profiles. Bar=100 um.
doi:10.1371/journal.pone.0006318.g003

A

Oct4
Nanog
MAP2
Nurr1

GAD
ChAT
GAPDH

DAPI Merge

Figure 4. RT-PCR analysis and differentiation of hES cells into dopaminergic neurons in xeno-free ES-ACM. (A): RT-PCR analysis of hES
cells, neural stem cells and mature neurons, RNA was isolated from clones of undifferentiated hES cells, from neural stem cells, and from mature
neurons which had been cultured for 8 weeks in ES-ACM and analyzed for expression of marker genes. The expression levels of each gene were
normalized to GAPDH gene expression level. hES, undifferentiated hES cells; NSC, neural stem cells; Neuron; mature neurons. (B): Differentiation of
hES cells into dopaminergic neural cells in xeno-free ES-ACM. Neural stem cells induced by ES-ACM were subcultured onto PLL coated plate and
cultured for 8 weeks in ES-ACM. Immunostaining with antibody TH and expression of hrGFP showed that the subcultured neural stem cells had
differentiated into dopaminergic neurons. Expression of hrGFP (green), DAPI (blue) and TH (red) staining profiles. Bar= 100 pm.
doi:10.1371/journal.pone.0006318.9004

). PLoS ONE | www.plosone.org 4 July 2009 | Volume 4 | Issue 7 | e6318



in ES-ACM, some cells showed tyrosine hydroxylase (I'H) -
immunoreactivity (Figure 4B). Furthermore, when cultured in ES-
ACM again, the cells could differentiate into astrocytes via
formation of spheres. To induce differentiation of neural stem cells
into astrocytes, the culture medium was changed from NSCM to
G5 medium. After medium change, most neural stem cells had the
appearance of typical astrocytes. By 2 weeks culture in G5
medium, the majority (82.41.8%, n= 3) of cells expressed GFAP,
and few (<1%) expressed MAP2.

Electrophysiological analysis of neurons differentiated

from hES cells

For electrophysiological study, hES-derived neurons were
cultured on coverslips for 4-6 weeks. The coverslips were
transferred to a recording chamber before use. Neurons were
selected based on their appearance (spherical shape with long
neurites). The resting membrane potential of the neurons were
—62.0~—11.1 mV (n=26). Among 26 cells examined, action
potentials were elicited in 22 cells (Figure 5A, Control).
Application of 1 UM tetrodotoxin (I'TX) completely suppressed
the overshoot {Figure 5A, right panel). The action potentials were
evoked only when resting membrane potentials were set to
—70 mV by current injection in 11 cells. The rest of the cells did
not possess membrane excitability (1= 4 out of 26, closed circle in
Figure 5B).

Survival of hES cell-derived neurons in mice brain

To examine differentiation of hES cell-derived cells in vivo, we
transplanted neural stem cells induced with ES-ACM into mice
brain (n=7). Before transplantation, the majority (85.1%5.1%,
n=4) of donor cells expressed Nestin, a marker for neural stem cell
(Figure 6A), and no cells expressed octamer transcription factor-3
(Oct-3) and stage-specific embryonic antigen (SSEA-4), two
makers for undifferentiated cells (data not shown). Four weeks
after engraftment, many (2-3x10% hrGFP-positive cells were
recognized (Figure 6B, C). Some of these cells (<10%) were also
Tujl-immunoreactive (Figure 6D). In the vicinity of the grafts, few
cells were immunoreactive against Ki-67, a marker for prolifer-
ation, However, none of these Ki-67-positive cells were positive for
hrGFP (Figure 6E). Teratoma was not detected in any of the
transplanted mice.

Discussion

We have shown in this study that neurons and astrocytes can be
produced efficiently from hES cells using a conditioned medium
collected from either rat primary-cultured astrocytes or hES cell-
derived astrocytes. Astrocytes derived from hES cells can be used
for continuous generation of neurons. Although a number of
media including serum-free media supplemented with various
cytokines and/or growth factors have been developed [10,11] to
keep a long-term culture of neuronal cells, synthetic culture
systems can usually maintain neural cells stable for only few weeks.
Although a conditioned medium of primary-cultured astrocytes
can be effective in culturing neurons for a longer period of time,
the use of primary astrocytes may not be practical due to a number
of limitations, including restricted availability of neural tissues as
source of astrocytes, and extensive time and effort to obtain
astrocytes from living tissues. Additionally, it is very difficult to
maintain a stable culture of primary cells in a culture vessel, and
subculture of these cells is limited within few passages.

The properties of primary-cultured astrocytes vary depending
on the maturation stage of the living body and the region of the
living tissue from which the astrocytes are derived. In addition,

@ PLoS ONE | www.plosone.org
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Figure 5. Electrophysiological properties of hES-derived neu-
rons. (A): (Control) Action potentials elicited by depolarizing current
injections (50 pA steps for 100 msec). The resting membrane potential
was ~62.0 mV. During the hyperpolarizing pulse {—50 pA), no ‘sug’
component was observed. (TTX) Membrane potentials recorded in the
presence of 1 uM tetrodotoxin. In both panels, the dotted lines indicate
0 mV. (B): Summary of the resting membrane potentials and the peak
amplitudes. Open circle; cells with action potentials. Open triangle; celis
with action potentials only when the resting membrane potential was
set to —70 mV. Closed circle; cells without membrane excitability.
doi:10.1371/journal.pone.0006318.g005

when astrocytes are obtained from a living body, contamination
with cells other than the desired astrocytes is inevitable. Thus, it is
difficult to prepare a stable astrocyte-conditioned medium having
substantially uniform quality. With our method, on the other
hand, ES-ACM can efficiently induce differentiation of hES cells
into neural cells. Moreover, large amounts of ES-ACM can be
produced stably and readily. ES-ACM, like P-ACM, can keep
neuron cultures stable for more than eight weeks until mature
neuronal phenotypes are apparent. In addition, completely xeno-
free ES-ACM can be generated from immature hES cells by
culture in chemically defined medium. With this completely xeno-
free ES-ACM, xeno-free neurons and astrocytes can repeatedly be
produced. In our transplantation experiment, donor cells did not
express undifferentiated markers, such as Oct-3 and SSEA-4. In
addition, only few Ki-67 positive cells found in the vicinity of the
grafts were hrGFP-negative. These cells were unlikely to be
derived from donor cells. It is important to exclude tumorigenicity
of neuronal cells derived with this xeno-free method in future

July 2009 | Volume 4 | Issue 7 | e6318
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GFP+Ki-67

Figure 6. Survival of transplanted neural stem cells /n vivo. (A): Most of the donor cells were confirmed to be Nestin-immunoreactve neural
stem cells before transplantation. Anti-Nestin staining (green) and DAPI (blue). Bar=50 pum. (B): Transplantation site. Grafted cells expressing hrGFP
can be seen in the striatum. Bar =500 um. (C): High power magnification view of a white box in panel A. Some of the hrGFP-positive cells display a
morphology similar to that of neurons. Bar=50 um. (D): Merged image of hrGFP expression (green) and immunostaining of anti-Tuj1 (red).
Bar=20 um. (E): Merged image of hrGFP expression {(green) and immunostaining of anti-Ki-67 (red). Bar =50 um.

doi:10.1371/journal.pone.0006318.g006

study for application to the cell therapy. Further studies are
necessary to identify the specific molecules that induce neural cells
in P- and ES-ACMs.

Recently, two methods adopting human tissue-derived cells
have been reported as appropriate for clinical applications. One is
an improved stromal cell-induced method that uses an amniotic
membrane matrix [12]. The other uses telomerase-immortalized
midbrain astrocytes [13]. Although both methods are xeno-free,
they still need primary human tissues. On the other hand, with our
method, neural cells can be induced from ES cells themselves. This
self-serving method can supply donor cells consistently and may
have an advantage for clinical applications.

Materials and Methods

ES cell culture

All experiments using hES cells were performed in conformity
with “The Guidelines for Derivation and Utilization of Human
Embryonic Stem Cells” of the Japanese government after approval
by the institutional review board of Mitsubishi Tanabe Pharma
Corporation. Two hES cell lines, SA002 and SA181, were obtained

@ PLoS ONE | www.plosone.org

from Cellartis AB (Goteborg, Sweden) [14] and maintained on a
mitotically inactivated mouse embryonic fibroblast feeder layer in a
culture medium (vitroHES, Vitrolife AB, Goteborg, Sweden),
supplemented with 4 ng/ml FGF-2 (Invitrogen, Carlsbad, CA).
For passaging, the hES cells were treated with collagenase type IV
(200 U/ml; Invitrogen) for 5 min, gently scraped from the culture
dish, and then split 1:2-1:4 onto a feeder layer of mouse embryonic
fibroblasts inactivated with 10 ptg/ml mitomycin C.

Electroporation

All recombinant DNA experiments conformed to National
Institute of Health (NIH) guidelines. First, a pGFP plasmid, in
which hrGFP (Stratagene, La Jolla, CA) was expressed under the
control of a CAG promoter (a gift from J. Miyazaki) [15] was
constructed. Ten micrograms of the linearized plasmid was then
electroporated into a suspension of hES cells (107 cells) in 0.8 mL
of PBS using a Gene Pulser (500 pF, 250 V, Bio-Rad, Hercules,
CA). The cells were next incubated on ice for 10 minutes, plated,
and allowed to recover for 24 hours before selection with G418
(200 pug/mkL). The cells were daily fed with the culture medium
containing G418 for 12 days, after which the resulting ten G418-
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resistant ES colonies showing strong hrGFP expression were
individually picked and propagated. To analyze stem cell markers,
alkaline phosphatase activity and cell surface markers were
detected using an ES cell characterization kit (Chemicon,
Temecula).

hES cell differentiation

Whole colonies of undifferentiated hES cells, 800-1000 fim in
diameter, were picked up from the feeder layer using a glass
capillary and transferred into non-adhesive bacteriological dishes
each containing P-ACM supplemented with 20 ng/ml FGF-2
(R&D Systems Inc., Minneapolis). P-ACM was prepared as
described previously [7]. The colonies were then cultured for 12
days, giving rise to spheres, which were next plated onto poly-L-
Lysine/Laminin (Sigma-Aldrich, St. Louis) coated dishes and
cultivated for seven days in NSCM (Neurobasal medium supplied
with B27 supplement, both from Invitrogen, 20 ng/ml FGF-2,
and 20 ng/ml recombinant EGF [R&D systems]). At this stage,
the spheres gave rise to circular clusters of cells, many of which
migrated from the clusters to the surrounding areas. After
replacing the NSCM with P-ACM and culture for 14 days, the
spheres differentiated into neurons and few astrocytes. To obtain
more and purer neurons, the centers of the clusters containing
undifferentiated ES cells were removed with a glass capillary, and
the rest of the clusters were cultured for seven days in NSCM.
Neuronal differentiation was then induced by subculture of neural
stem cells using 0.05% Trypsin/EDTA in P-ACM for 14 days. To
induce astrocytic differentiation, the neural stem cells were
subcultured in G5 medium (Neurobasal medium supplemented
with G5 supplement, both from Invitrogen, 10 ng/ml FGF-2, and
20 ng/ml EGF) for 14 days.

To induce astrocytic differentiation under xeno-free conditions,
the colonies of hES cells were transferred into non-adhesive
bacteriological dishes each containing N2 medium (Neurobasal
medium supplied with N2 supplement, Invitrogen) supplemented
with 20 ng/ml of FGF-2 and EGF. After the colonies were
cultured for 12 days, few of them gave rise to spheres containing
neural stem cells, which were subsequently plated onto poly-L-
Lysine/Laminin in G5 medium. Centers of the spheres containing
undifferentiated hES cells were removed with a glass capillary, and
the rest of the clusters were cultured for seven days in G5 medium.
By repeating over this cycle eight times, the spheres were purified
to obtain pure neural stem cells. These neural stem cells were
subcultured in G5 medium for 14 days to induce astrocytes. For
collection of ES-ACM, hES cells derived-astrocytes were cultured
in N2 medium for two days.

Immunostaining analysis

hES cells cultured in a 24-well plate were fixed in 4%
paraformaldehyde in phosphate-buffered saline (PBS). Immuno-
cytochemistry was performed using standard protocols and
antibodies directed against Tujl (monoclonal 1:1000), MAP2
(monoclonal, 1:1000), GFAP (polyclonal 1:500), Oct-4 (monoclo-
nal 1:500), SSEA-4 (monoclonal 1:400), Nestin (monoclonal
1:1000) (all from Chemicon), and TH (monoclonal, 1:400) {(Acris
Antibodies, Hiddenhausen, Germany). Alexa Fluor 594-labeled
{Molecular Probes, Eugene, OR) and Cy3-labeled (GE healthcare,
Uppsala, Sweden) secondary antibodies were used for visualiza-
tion. 4', 6-diamidino-2-phenylindole (DAPI, Kirkegaard Perry
Laboratories, Gaithersburg) was used for nuclei staining.

Cell density of neural lineages (neurons and astrocytes) was
determined by counting the numbers of DAPI, Tuj* and GFAP™
cells per field at a magnification of 200 times using an inverted
microscope. Five visual fields were randomly selected and counted
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for each sample. Numbers presented in figures represent the
average percentage and SEM of positive cells over DAPI from
three samples per each examination.

RT-PCR analysis

Total RNA was extracted from undifferentiated hES cells,
neural stem cells, and neuronal cells using QJAshredder (QIA-
GEN, Hilden, Germany) and RNeasy Plus Mini kit (QIAGEN).
Reverse transcription was carried out using random hexamers at
37°C for 60 minutes according to the manufacturer’s instruction
for First-Strand ¢cDNA Synthesis Kit (GE Healthcare UK Ltd.,
Buckinghamshire, UK). PCR was carried out for 30 cycles using
the specific primer sets. The reaction cycle was set at 95°C for
30 seconds, 55°C for 30 seconds, and 72°C for 30 seconds. The
amplified fragments were subjected to electrophoresis in a 2%
agarose gel, which was subsequently stained with ethidium
bromide and photographed. The primers used are as follows:
glyceraldelyde-3-phosphatedehydrogenase  (GAPDH), ACCA-
CAGTCCATGCCATCAG and TCCACCACCCTGTTGCTG-
TA; Oct4, CGTTCTCTTTGGAAAGGTGTTC and ACACT-
CGGACCACGTCTTTC; Nanog, AAGACAAGGTCCCGGT-
CAAG and CCTAGTGGTCTGCTGTATTAC; MAP2, CTTT-
CCGTTCATCTGCCATT and GCATATGCGCTGATTCT-
TCA; Nurrl, GCTAAACAAAACTTGCATGC and CTCA-
TATCATGTGGCATACTAG; TH, GAGTACACCGGCGAG-
GAGATTG and GCGGATATACTGGGTGCACTGG; choline
acetyltransferase (ChAT), ATGGGGCTGAGGACAGCGAAG
and AAGTGTCGCATGCACTGCAGG; glutamic acid decar-
boxylase (GAD), ATTCTTGAAGCCAAACAG and TAGCTT-
TTCCCGTCGTTG.

Electrophysiology

The action potential was recorded using current clamp mode of
Axopatch200B amplifier and Digidata 1320 interface (Axon, CA,
USA). Physiological bathing solution contained (in mM); 140
NaCl, 5.4 KCl, 0.33 NaH,POy,, 0.5 MgCly, 1.8 CaCl,, 5 HEPES
(pH=7.4 with NaOH). Standard high K* pipette solution
contained; 110 Aspartic acid, 30 KCl, 5 MgATP, 5 Na, creatine
phosphate, 0.1 Na,GTP, 2 EGTA, 10 HEPES (pH=7.2 with
KOH). Electrode resistance was 8~6 MOhm. All experiments
were carried out at 33-35°C.

Transplantation Experiment

Neural stem cells derived from hES cells using ES-ACM were
implanted into the mouse striatum. All animal experimental
protocols were approved by the Animal Ethics Committee of
Mitsubishi Tanabe Pharma Corporation. 8-week-old C57BL/6 Cr
Sic mice (SLC, Shizuoka, Japan) were anesthetized with
pentobarbital and fixed on a stereotactic device (Narishige, Tokyo,
Japan). By using a glass pipette with an inner diameter of 100 yum,
1x10° cells/5 gl were slowly (0.3 pl/min) injected into the
striatum (AP*0 mm, ML +2.0 mm, DV —3.0 mm from bregma)
of an adult male mouse. Four weeks after the transplantation, the
recipient mouse was anesthetized with pentobarbital and perfused
with ice-cold 4% paraformaldehyde in PBS. The brains of each
mouse were postfixed in the same solution, cryoprotected with
30% sucrose in PBS for 48 h, and frozen. Coronal sections
{thickness 40 pm) were cut on a microtome with freezing unit,
collected in PBS (pH 7.4), and divided into series. Brain sections
were incubated overnight with primary antibodies at 4°C. The
primary antibodies used for immunohistochemistry ware mouse
anti-Tujl (1:800, Covance, USA) and rabbit anti-Ki67 (1:25,
abcam, UK). For detection of the primary antibodies, Alexa Fluor
594 goat anti-mouse IgG (1:1000; Molecular Probes) and Alexa
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Fluor 594 goat anti-rabbit IgG (1:1000; Molecular Probes) were
incubated with the samples. Immunoreactivity was assessed and
viewed under confocal laser scanning microscopy (FV10i;

Olympus, Tokyo).
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ABSTRACT  The ability of primate embryonic stem (ES) cells to differentiate into
dopamine (DA)-synthesizing neurons has raised hopes of creating novel cell therapies
for Parkinson’s disease (PD). As the primary purpose of cell transplantation in PD is res-
toration of dopaminergic neurotransmission in the striatum, in vivo assessment of DA
function after grafting is necessary to achieve better therapeutic effects. A chronic model
of PD was produced in two cynomolgus monkeys (M-1 and M-2) by systemic administra-
tion of neurotoxin. Neural stem cells (NSCs) derived from cynomolgus ES cells were
implanted unilaterally in the putamen. To evaluate DA-specific functions, we used mul-
tiple ["'C]-labeled positron emission tomography (PET) tracers, including [B-''ClL-3,4-
dihydroxyphenylalanine (L-[8-"*CIDOPA, DA precursor ligand), [11C}-2B-carbomethoxy-
3p-(4-fluorophenyl)tropane ([''C]3-CFT, DA transporter ligand) and [M!Clraclopride (D
receptor ligand). At 12 weeks after grafting NSCs, PET demonstrated significantly
increased uptake of L-[B-1*CIDOPA (M-1:41%, M-2:61%) and [**CIB-CFT (M-1:31%, M-
2:36%) uptake in the grafted putamen. In addition, methamphetamine challenge in M-2
induced reduced [**Clraclopride binding (16%) in the transplanted putamen, suggesting
release of DA. These results show that transplantation of NSCs derived from cynomol-
gus monkey ES cells can restore DA function in the putamen of a primate model of PD.
PET with multitracers is useful for functional studies in developing cell-based therapies

ES cell; PET; monkey; MPTP

against PD. Synapse 63:541-548, 2009.

INTRODUCTION

In Parkinson’s disease (PD), the cardinal symptoms
such as rest tremor, muscular rigidity and bradykine-
sia, become apparent after 40-50% of the neurons in
the substantia nigra pars compacta (SNc¢) have been
lost and striatal dopamine (DA) has been reduced to
about 20% of normal levels (Kish et al., 1988). As a
treatment for advanced PD, neural transplantation
has been investigated for more than two decades with
the aim of replacing degenerated DA neurons and
restoring dopaminergic neurotransmission in the stria-
tum. Embryonic stem (ES) cells may offer a substitute
for currently used fetal midbrain cells, because they

©2009 WILEY-LISS, INC.
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can proliferate extensively in an undifferentiated state
and may provide an unlimited source of DA neurons
(Li et al., 2008; Newman and Bakay, 2008). Transplan-
tation of DA neurons derived from mouse ES cells
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showed electrophysiological and behavioral properties
expected of neurons from the midbrain in a rat model
of PD (Chung et al., 2006; Kim et al., 2002; Rodriguez-
Gomez et al., 2007). Survival of DA neurons obtained
in vitro from primate ES cells was also reported in pri-
mate hosts (Sanchez-Pernaute et al., 2005; Takagi
et al., 2005), but the dopaminergic function of these
cells in the primate brain has not been fully evaluated.

Positron emission tomography (PET) is a valuable
method for imaging altered DA function in PD. The
most common tracer used to visualize and assess the
integrity of DA presynaptic systems is 6-[*®FIfluoro-L-
4-dihydroxyphenylalanine ([\|F]JFDOPA), a fluoro-
analog of 4-dihydroxyphenylalanine (r-dopa). How-
ever, uptake of this agent is increased in variable con-
ditions such as inflammation and tumor formation,
and assessment of graft function using only this
ligand is difficult. The present study therefore used
PET with multitracers to analyze both presynaptic
and postsynaptic dopaminergic functions and found
that transplantation of neural stem cells (NSCs)
induced from primate ES cells restored DA function
in a primate model of PD.

MATERIALS AND METHODS
Cell culture and differentiation

Astrocyte-conditioned medium (ACM) was prepared
by culturing astrocytes obtained from mouse fetal cere-
bra (Inoue et al., 1988) in DMEM/F12 medium (Invi-
trogen, Carlsbad, CA) containing N2 supplement (Invi-
trogen). The CMK6 cynomolgus monkey ES cell line
(Suemori et al., 2001) was seeded at a clonal density
and grown on a mitomycin C-treated mouse embryonic
fibroblast feeder layer in DMEM/F12 medium (Invi-
trogen) supplemented with 1000 U/ml leukemia inhibi-
tory factor (Chemicon, Temecula, CA), 1 mM B-mercap-
toethanol (Invitrogen), and 15% knockout serum
replacement (Invitrogen). Colonies of undifferentiated
ES cells with a diameter of 300-500 um and grown for
7-9 days were treated with 0.1% collagenase for 5 min
and then detached whole using a glass capillary. Colo-
nies were transferred to nonadhesive bacteriological
dishes in ACM supplemented with 20 ng/ml of
recombinant human fibroblast growth factor (FGF)-2
(R&D Systems, Minneapolis, MN) and 20 ng/ml of
recombinant epidermal growth factor (EGF) (R&D
Systems). Colonies were cultured for 10 days, giving
rise to floating spheres comprising numerous NSCs. To
stimulate proliferation, these spheres were plated onto
Matrigel-coated dishes and cultivated for up to 10 days
in Neurobasal medium (Invitrogen) supplemented
with 2% B-27 (Invitrogen), 20 ng/ml of FGF-2, and
20 ng/ml of EGF. To efficiently induce DA-synthesizing
neurons, the medium was replaced with ACM supple-
mented with 50 ng/ml of sonic hedgehog (Shh; R&D
Systems) 1 day before transplantation.
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Animals and neurotoxin treatment

All experiments were performed in full compliance
with the requirements of the institutional animal
care and use committee. Two cynomolgus monkeys
(Macaca fascicularis), M-1 and M-2, weighing 2.3-
2.5 kg were used for the cell therapy experiments.
The monkeys were housed under standard conditions
of humidity and dark/light cycles with ad libitum
access to food and water. To create bilateral striatal
lesions, 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine
(MPTP, 0.2-0.4 mg/kg of free base; Sigma-Aldrich
Japan K.K., Tokyo, Japan) in phosphate-buffered sa-
line (PBS) was injected intravenously once per week
over a 4-month period until a stable parkinsonian -
syndrome was observed. The total dose of MPTP
administered was 1.5 and 2.95 mg/kg. To avoid the
possibility of spontaneous recovery from the effects of
MPTP, which could mimic the behavioral effect of cell
transplantation, the monkeys were allowed to recover
for 2 months after the last MPTP treatment.

Transplantation procedures

All surgical procedures were performed in an asep-
tic environment with the monkeys under isoflurane
(1-2%) anesthesia. The head was placed in a stereo-
taxic device (Kopf Instruments, Tujunga, CA). Each
monkey received nine injections of NSCs derived from
cynomolgus monkey ES cells (M-1, 1 X 10° viable
cells; M-2, 2 X 107 viable cells) in three tracts in the
left putamen. NSCs were trypsinized and resus-
pended in 72 pl of ACM supplemented with Shh.
Eight microliters of NSC suspension was injected into
each of the nine points using a 50-p1 Hamilton micro-
syringe fitted with a 26-gauge needle over a period of
5 min. The needle was left in place for an additional
3 min to prevent the loss of cells by backflow. As a
control, 25 pl of ACM supplemented with Shh was
injected into the right putamen. Stereotaxic coordi-
nates of injection sites in the putamen were: Track 1,
anterior 13.4 mm, lateral 12 mm, depth +19, 17,
15 mm from the midpoint of the ear bar; Track 2, an-
terior 16.4 mm, lateral 11.5 mm, depth +20, 18,
16 mm; and Track 3, anterior 18.1 mm, lateral 11
mm, depth +19, 17, 15 mm. From 3 days before sur-
gery, the monkeys received daily intramuscular injec-
tions of 0.5 mg/kg of the immunosuppressant FK506
(Astellas Pharmaceuticals, Osaka, Japan) diluted in
physiological saline. From 5 days after surgery, the
dose was reduced to 0.2 mg/kg for the rest of the ex-
perimental period.

PET

Magnetic resonance imaging (MRI) of both monkeys
was performed at the National Institute for Physio-
logical Sciences using a 3.0-T imager (Allegra; Sie-
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mens, Erlangen, Germany) under pentobarbital anes-
thesia. Stereotaxic coordinates of PET and MRI were
adjusted based on the orbitomeatal (OM) plane with a
specially designed head holder. Syntheses of ["*C]-la-
beled-compounds have been described (Tsukada et al.,
2000a,b). Data were collected on a high-resolution
animal PET scanner (SHR-7700; Hamamatsu Pho-
tonics, Hamamatsu, Japan) with a transaxial resolu-
tion of 2.6 mm full-width at half-maximum and a cen-
ter-to-center distance of 3.6 mm (Watanabe et al.,
1997). The PET camera allowed 31 slices to be
recorded simultaneously. After fasting overnight, the
monkey under isoflurane anesthesia was secured to a
monkey head folder with stereotaxic coordinates
aligned parallel to the OM plane. Each of the [*'C]-la-
beled compounds was delivered through a posterior
tibial vein ecannula. PET with [!C]L-3,4-dihydroxy-
phenylalanine (1-[8-''CIDOPA), the precursor of DA
synthesis, and ["Clraclopride, a reversible Dy recep-
tor antagonist, were performed for a total of 64 min
with 6 time frames at 10 sec intervals and 12 time
frames at 1 min, followed by 16 time frames at 3 min.
PET with [C]2B-carbomethoxy-38-(4-fluorophenyl)-
tropane ([Y*CIB-CFT) was performed with an addi-
tional 19 time frames at 3 min for a total of 91 min.
To measure DA release in the striatum indirectly in
vivo as reflected by reductions in DA receptor avail-
ability, [M'Clraclopride was injected through the can-
nula 30 min after administration of either 0.5 mg/kg
of amphetamine or saline. Time-activity curves of
each labeled compound in regions of interest chosen
from magnetic resonance images were obtained.

For quantification of in vivo binding of [*!Clraclopr-
ide and [1!C]B-CFT, a kinetic 3-compartment analysis
method was applied as previously described (Huang
et al., 1986). The time-activity curves of plasma and
of each region were fitted to a 3-compartment model
using the least-squares method. Binding potentials of
[**Clraclopride and [''CIB-CFT were calculated by
determining the ratio of the estimated k3 value (asso-
ciation rate) to the estimated k4, value (dissociation
rate). For quantification of L-[38-''CIDOPA utilization
rate constant in the striatum of the monkey brain, a
graphical analysis method was applied to calculate
DA synthesis rate (k3) as described previously (Tsu-
kada et al., 2000a,b).

Behavioral assessment

Animals were clinically evaluated twice a week
using a primate parkinsonism rating scale (PPRS)
and activities were recorded on digital videotape. The
PPRS is based on the Unified Parkinson’s Disease
Rating Scale, but was developed specifically for non-
human primates (Jenner, 2000). On PPRS, scores
from 0 (normal) to 4 (maximal disability) are given
for each of the six following parkinsonian features:
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spatial hypokinesia in movements around the cage,
bradykinesia, manual dexterity of the right arm, man-
ual dexterity of the left arm, balance, and freezing.

Immunocyto- and immunohistochemistry

Cells cultured on coverslips were fixed with 4%
paraformaldehyde in 0.1 M PBS (pH 7.2) for 20 min
at 4°C. Cells were then treated with 10% normal
horse serum, 2% bovine albumin, and 0.2% Triton
X-100 in 0.1 M PBS (pH 7.2) for 20 min at room tem-
perature and incubated further in the presence of the
following antibodies separately: nestin (1:200, Chemi-
con); high-molecular-mass neurofilament protein (NF-
H) (1:500, Chemicon); glial fibrillary acidic protein
(GFAP) (1:200, Chemicon); 04 (1:200, Chemicon); ty-
rosine hydroxylase (TH) (1:500, Chemicon); aromatic
L-amino acid decarboxylase (AADC) (1:200, Sigma);
DA transporter (DAT) (1:200, Chemicon); choline ace-
tyl transferase (ChAT) (1:500 Chemicon); serotonin
(5HT) (1:1000, Sigma); and glutamic acid decarboxyl-
ase {(GAD) (1:1000, Sigma). Cells were washed and
then incubated in Alexa Fluor 488- and Alexa Fluor
594-labeled secondary antibodies (1:200; Molecular
Probes, Eugene, OR). Cells were mounted in Vecta-
shield containing 4,6-diamidino-2-phenylindole (DAPIT;
Vector Laboratories, Burlingame, CA) and analyzed
under a fluorescence. microscope (Eclipse E800;
Nikon, Tokyo, Japan) equipped with phase-contrast
optics or under a confocal laser-scanning microscope
(LSM 510; Carl Zeiss Microimaging Co., Tokyo,
Japan). Quantitative immunocytochemical data ob-
tained from 4 to 9 cultures are expressed as mean *
standard error of the mean.

Under deep anesthesia, monkeys were perfused
with 4% paraformaldehyde through the ascending
aorta. The brains were removed and cut into several
blocks 5-mm thick. These blocks were postfixed in the
same fixative, left for 3 days in PBS containing 30%
sucrose, and then cut on a cryostat into coronal sec-
tions 30-um thick. Sections were treated with 0.3%
H,0, for 15 min to inhibit endogenous peroxidase.
Sections were incubated at 4°C for 2 days in PBS con-
taining 0.3% Triton X-100 and primary antibodies
against mouse monoclonal anti-TH antibody (1:8000;
Immnostar, Hudson, WI). Next, sections were incu-
bated in biotinylated antimouse immunoglobulin
(Ig)G (1:1000; Vector Laboratories) for 1 h at room
temperature, and finally in avidin-biotin-peroxidase
complex (1:50; Vector Laboratories) for 30 min at
rocom temperature. Peroxidase activity was revealed
in 50 mM Tris-HCl buffer (pH 7.6) containing
0.0004% H,0, and 0.01% 3,3'-diaminobenzidine-4HC]
(DAB) (all from Vector Laboratories). For immunoflu-
orescence staining, sections were incubated with
mouse monoclonal anti-TH antibody (1:800; Immnos-
tar), rabbit anti-SHT antibody (1:2500; Incstar,
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Stillwater, MN), or anti-Ki 67 antibody (1:200; Chemi-
con) followed by incubation with Alexa Fluor 594-con-
jugated goat antimouse IgG (1:1000; Molecular
Probes). Immunoreactivity was assessed and viewed
under confocal laser scanning microscopy (TCS NT;
Leica Microsystems, Tokyo, Japan). We estimated TH-
immunoreactive (IR) cell counts in serial sections (ev-
ery 10th) under X63 magnification on a Zeiss micro-
scope equipped with a video camera.

RESULTS
Efficient induction of DA neurons in culture

A colony of undifferentiated ES cells formed
spheres with unique concentric stratiform structure
when cultivated in ACM supplemented with FGF-2
and EGF under free-floating conditions, as reported
previously (Nakayama et al.,, 2003, 2004). These
spheres displayed peripheral NSCs with a center of
proliferating ES cells. Subsequent culture on an adhe-
sive substrate formed circular clusters of cells from
which many nestin-positive NSCs migrated. After a
few passages, almost all cells expressed nestin (99.5% *
0.5%) and only a few cells (<0.5%) expressed NF-H.
To examine differentiation properties in vitro, a small
fraction of NSCs were grown in ACM with Shh. After
5 days, cells in culture displayed a neuronal appear-
ance with long neuritis and became positive for NF-H
(99.5% * 0.5%). Cells were immunoreactive for nei-
ther antibody against the astrocyte marker GFAP nor
the antibody against oligodendrocyte protein O4 (data
not shown). Moreover, many (70% * 1%) NF-H-posi-
tive cells expressed DA neuronal markers such as
TH, AADC, and DAT (Fig. 1). Small proportions of
NF-H-positive cells expressed either 5HT (12.2% =+
1.3%), ChAT (1.0% = 0.6%), or GAD (11.9% =+ 1.6%).

DA production is restored in the
grafted putamen

We used PET to assess nigrostriatal dopaminergic
function in MPTP-treated monkeys before and after
NSC implantation. MPTP-intoxicated monkeys dis-
played comprehensive loss of uptake for L-[p-'C]DO-
PA, a substrate for AADC, and ["CIB-CFT, a DA
transporter ligand, in both hemispheres of the brain
before transplantation, suggesting severe loss of DA
terminals (Figs. 2A and 2B). At 4 weeks postopera-
tively, we found increases in both L-[B-'CIDOPA and
[11C]B-CFT uptake in the grafted putamen. Quantita-
tive analysis of scans at 4 weeks after implantation
revealed significant increases in both r-[3-"CIDOPA
uptake (M-1, 41%; M-2, 61%) and ['C]3-CFT uptake
(M-1, 33%; M-2, 36%) in the implanted striatum com-
pared with the control putamen (Figs. 2C and 2D).
The degree of decrease in striatal radioactivity from
[MClraclopride after amphetamine challenge in M-2
was significantly higher in the grafted putamen (16%)
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Fig. 1.

Neurons derived from ES cells show markers of DA-syn-
thesizing cells. Dual labeling with antityrosine hydroxylase (TH)
and antiaromatic L-amino acid decarboxylase (AADC) antibodies
shows coexpression of dopamine (DA)-synthesizing enzymes in the
neurons. Dual labeling with anti-TH and anti-DA transporter (DAT)
antibodies indicates the DA phenotype. Scale bar: 50 um.

than in the control putamen (0.6%), indicating
increased release of DA in the striatum (Fig. 3).

Behavioral recovery is modest

After chronic administration of MPTP, monkeys
developed bilateral parkinsonism manifested by a loss
of spontaneous motor activity, bradykinesia, impair-
ment of manual dexterity, tremor, and freezing. Par-
kinsonian features were stable for 2 months from the
last MPTP treatment. Three months after unilateral
cell transplantation into the putamen, both monkeys
showed modest behavioral improvements demon-
strated by both PPRS and systematic analysis of digi-
tal videotapes. Before MPTP treatment, both mon-
keys scored 0 on PPRS. After MPTP, but before im-
plantation, mean scores of four evaluations on the
PPRS were 14 for M-1 and 12 for M-2. At 12 weeks
after implantation, this score reduced to 11 and 10,
respectively. In M-2, the score remained constant dur-
ing the observation period until 6 months after im-
plantation. Regardless of on- or off-medication, no
dyskinesia was observed.

Grafted cells differentiate into TH-positive
cells in the brain

Histological assessment of brains was performed for
M-1 and M-2 at 3 and 6 months after implantation,
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Fig. 2. (A, B) PET images of 1-{B-''CIDOPA (A) and ["'CIB-CFT
(B) uptake in monkey M-1 before and after cell transplantation.
Four weeks after implantation, increased radionuclide uptake was
detected in the implanted putamen (arrows). (C, D) Graphic repre-
sentation of relative changes in signal strength over time in the

respectively. Many TH-IR cells, about 1000 in M-1
and 3000 in M-2, thrived in the grafted putamen
(Fig. 4). Less than 50 TH-IR cells were found in the
putamen on the side contralateral to the graft. A
small number of S5HT-IR cells was identified in the
grafted putamen (<5 cells). No TH-positive cells were
positive for the proliferation marker Ki-67. Hematox-
ylin and eosin staining showed no signs of teratoma-
like structures in the transplanted putamen.
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same animal, showing significant increases in L-[3-*CIDOPA utili-
zation (kg value) (C) and [CIB-CFT binding potential (BP) (ks/k
value) (D) in the implanted (left: open circles) putamen compared
with control (right: filled circles) putamen. Filled squares indicate
left to right ratio.

DISCUSSION

This study demonstrated with PET that engraft-
ment of NSCs derived from primate ES cells has the
capacity to restore DA function in a primate model of
PD. Transplantation of neural precursors has become
one of the key strategies for cell replacement in the
brain. To bypass the shortage of donor tissue, a wide
range of experimental approaches have been studied,
including proliferation of NSCs in vitro stimulated by

Synapse
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Subtraction

Fig. 3. Drug-induced release of DA in the grafted striatum 12
weeks after transplantation in monkey M-2. After methamphet-
amine administration, [!Clraclopride binding in the implanted
putamen was significantly reduced compared with that in the con-
trol putamen. Each slice image after methamphetamine infusion
(middle row) was subtracted from a corresponding baseline image
(upper row). Subtraction images (lower row). The images of each col-
umn are in horizontal plane and same stereotaxic coordinates (mm)
from the orbitomeatal (OM) line. Arrows indicate the side of the
implant.

mitogen treatment, ex vivo introduction of growth
stimulating oncogenes, xenotransplantation, enhance-
ment of endogenous adult neurogenesis, and attempts
to recruit non-neural adult stem cells from other tis-
sues (Hall et al., 2007; Liu, 2008). However, in addi-
tion to the limited plasticity and slow propagation of
adult stem cells, continuous expression of oncogenes
or stimulation of mitogens raises question about the
long-term safety of these strategies. Of the various
candidate donor cells, ES cells are the most attractive
due to the characteristics of pluripotency and the
potential for unlimited self-renewal. Although human
ES cells seem promising for clinical applications, an
alternative model system based on ES cells derived
from nonhuman primates is necessary for preclinical
studies, including allogenic transplantation.

The present study used cynomolgus monkey ES
cells that resemble human ES cells but are distinct
from murine ES cells in terms of morphology, expres-
sion of surface markers and feeder- and leukemia in-
hibitory factor-dependence, among other factors (Sue-
mori et al., 2001). We have previously shown that
astrocyte-derived factors instruct mouse and primate
ES cells to differentiate into neurons quickly and effi-
ciently (Nakayama et al.,, 2003, 2004). This ACM
method is superior to previous methods in terms of
simplicity, efficiency, and productivity of neural differ-
entiation. The number of cells was increased 1000-
fold, along with differentiation from ES cells into
NSCs. NSCs can be highly purified without using ei-
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Fig. 4. TH-IR cells in the unilateral putamen of monkey M-1 at 3
months after cell implantation. (A) Restoration of TH-IR in the
implanted putamen (arrowhead) is not obvious at low magnification.
However, TH-IR neurons are apparent in dorsal (B) and ventral (C)
portions of the implanted putamen. Scale bar: 0.5 ecm (A); 20 um (B, C).

ther magnetic- or fluorescence-activated cell sorting,
and incorporation of undifferentiated ES cells is virtu-
ally eliminated. Although low doses of undifferenti-
ated mouse ES cells transplanted into rat striatum
developed into fully differentiated DA neurons (Bjor-
klund et al., 2002), elimination of undifferentiated ES
cells is crucial for reducing the risk of tumor forma-
tion. Consistent with our previous observations,
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culture of NSCs derived from cynomolgus monkey ES
cells on an adhesive substrate in ACM exclusively
promoted differentiation into neurons.

Parkinsonian features were induced by intravenous
administration of MPTP over a period of several
months. MPTP causes slowly progressive loss of DA
neurons in the substantia nigra, resulting in primates
showing all the clinical signs of PD, including tremor,
rigidity, akinesia, and postural instability (Wichmann
and DeLong, 2003). We created bilateral striatal
lesions but implanted cells unilaterally, so one side
could serve as a control. Functional effects of the
graft were evaluated by comparing PET images of the
implanted putamen with those of the contralateral
putamen. PET can be used to assess DA function in
vivo (Brooks, 2004) by following increases in L-
[B-*CIDOPA uptake or ['CIB-CFT binding, which
are attributable to the expression of AADC and stor-
age of DA in the putamen and thus indicate graft sur-
vival and development of DA neurons. In addition,
functional DA release from the graft was demon-
strated by imaging Dy receptor occupancy. Degrees of
decrease in striatal radioactivity of [*'Clraclopride af-
ter amphetamine challenge were significantly higher
in the grafted putamen. Based on microdialysis stud-
ies, a 1% change in striatal [*Clraclopride binding
has been estimated to correspond to a >8% change in
synaptic DA levels (Breier et al., 1997). We identified
numerous TH neurons in the grafted putamen.
Although small populations of TH neurons may be
found in the primate striatum after creating lesions
of the nigrostriatal dopaminergic pathways, most are
located in the caudate and precommissural putamen
(Mazloom and Smith, 2006). The dramatic increase in
the number of TH-IR cells in the postcommissural
putamen suggests that these TH-IR cells were
derived from the graft and contributed to the restora-
tion of dopaminergic function.

Behavioral recovery was modest at 12 weeks after
implantation. More DA neurons and synaptic DA
release might be necessary for apparent behavioral re-
covery. Improving neuronal survival and increasing
axonal outgrowth would possibly improve the magni-
tude of the response to grafting. In this regard, the
combination of cell replacement and neuroprotective
strategies by gene delivery may be effective in pre-
venting the loss of endogenous and grafted NSCs.
Another possible explanation for incomplete behav-
ioral recovery is that functional integration of DA neu-
rons with the host circuitry may take place gradually.
PD patients with implanted fetal DA neurons show
continuous symptomatic improvements even after DA
storage capacity in the striatum (measured by L-
[B-'CIDOPA PET) and response to DA-releasing
agents has plateaued (Isacson et al., 2001; Piccini
et al., 2000). With bilateral implantation, further
amelioration of global parkinsonism (including
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enhanced spontaneous activity and improved balance)
would be expected, since only 20% of thalamic projec-
tions from the basal ganglia are crossed in monkeys
(Parent and Hazrati, 1995) and unilateral implanta-
tion would mainly affect contralateral limb movement.
Monkeys did not display dyskinesia with or without L-
dopa. This result supports previous observations that
functional DA grafts do not independently generate
abnormal DA responses (Bjorklund et al., 2002).

Given the recent successful isolation of nuclear-
transferred ES cell lines (Tabar et al., 2008), our find-
ings of efficient ES cell transplantation, expansion,
and differentiation into functional DA neurons in the
primate model have implications for ES cells as a do-
nor source for cell therapy against PD.
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